Abstract: Endoscopic optical coherence tomography is a non-invasive and contactless imaging technique based on white light interferometry. It enables high-resolution threedimensional imaging of scattering tissue up to a depth of about 2 mm. In addition, Doppler-OCT can detect sub-resolution movements. These features can be used to examine the tympanic membrane, the surrounding tissue and nearby areas of the tympanic cavity. For this purpose, we present an endoscopic OCT system, which provides access to the tympanic membrane. The design of the endoscope is based on a gradientindex (GRIN) lens system. This allows a broad field of view and a large working distance. An additional VIS beam path allows visual imaging and orientation inside the auditory canal. Therefore, illumination fibers a re a ttached a round the GRIN-system. The resulting endoscope has a length of 55 mm and a diameter of 3.5 mm. By attaching an earphone and a probe microphone, the oscillation of the tympanic membrane can be measured under acoustic stimulation. With the endoscopic OCT system, we provide an examination tool for the diagnosis of a broad number of diseases like conductive hearing loss.
Introduction
The human tympanic membrane (TM) is the part of the middle ear, which converts sound waves into mechanical vibration. Diseases of the middle ear (e.g. chronic and acute otitis media) disturb this function and can change the anatomic structure. This can lead to a temporal or permanent hearing loss and communication impairment especially in children [1] . In order to be able to diagnose the disease, a variety of diagnostic methods (e.g. otoscopy, audiometry, Laser doppler vibrometry) are available. By the development of optical coherence tomography (OCT) by Huang et al. [2] , a new diagnostic tool has been established. In middle ear diagnosis, the capability has been demonstrated in several studies [3] [4] [5] [6] [7] . OCT is a contactless and non-invasive imaging technique providing high-resolution three-dimensional images of scattering tissue. An interferometer setup is used to measure the interference spectra, which are modulated with the frequencies proportional to the optical path length difference in the interferometer. Thus, each depth profile of reflectance is calculated from one interference spectrum by Fourier transformation. A further application is the phase-resolved Doppler analysis [8, 9] . It is used to measure movements. Burkhardt et al. showed the spatial oscillation behavior of the TM under sound stimulation with frequency chirps from 0.4 kHz to 6.4 kHz [7] . Subhash et al. demonstrated depth resolved vibration imaging of the ossicles at an acoustic sound pressure of 65 dB at 500 Hz [10] . In this paper, we describe a GRIN-based endoscopic OCTsystem that can be used to investigate middle ear morphology and function. The used GRIN objective lens allows a small design of the end tube (3.5 mm in diameter) while providing a broad field of view. Additionally, we measured the oscillation behavior of a human TM stimulated by frequency chirps from 500 Hz to 5 kHz.
Methods

System description
To examine the tympanic membrane and the surrounding tissue, we build a swept source endoscopic OCT system. Figure  1a) shows a schematic of the set-up and handheld probe. The used swept source LASER (Axsun Technologies) operates at a central wavelength of 1300 nm with a bandwidth of 120 nm and a sweep rate of 50 kHz. The near-infrared light is sent through an OCT module, consisting of a fiber Bragg grating to ensure the phase stability of each sweep and a balance detection unit to detect the interferometric signal. The following Michelson interferometer is based on a 2x2 fiber coupler (TW1300R5A2, Thorlabs) with a 50:50 splitting ratio. The optics of the scanning unit of the sample arm consists of a collimator (60FC-4-M15-37, Schäfter und Kirchhoff GmbH) for light coupling, two galvanometer scanners to generate threedimensional images, a dichroic mirror for simultaneous video otoscopy, a hastings triplet (NT45-251, Edmund Optics) to focus the beam, a spacer (GT-SP-200-0025-NC, GrinTech), a GRIN relay lens (GT-IFRL-200-100-10-NC, GrinTech) and a GRIN objective lens (GT-IFRL-200-010-50-NC, GrinTech). The selected 1.0 pitch GRIN relay lens is 100 mm in length and 2 mm in diameter and allows image guidance over a large distance. This is necessary to image the tympanic membrane inside the auditory canal and the surrounding tissue. A GRIN objective lens with a NA of 0.5 was placed at the distal end of the endoscope (total NA of the GRIN lens system is much smaller) because it allows a broad field of view and a large working distance. Figure 1b) shows the resulting fan-shaped optical scanning pattern of the optical system. To additionally enable visual imaging, there are illumination fibers around the GRIN lens system (see Figure 1d) ). The system is characterized by a lateral resolution of 44.2 µm, an axial resolution of 14.4 µm, a signal to noise ratio of 98 dB and a dynamic range of 65 dB. In order to perform functional imaging, the system must be extended by an insert earphone and a probe microphone. Both can be easily attached to the endoscope. This makes it possible to stimulate the tympanic membrane and measure the oscillation. The sound level can be varied in the range of 80 dB to 110 dB.
Measurement principle and Doppler OCT
To measure the oscillation of the TM, a grid of 25 x 25 measurement points, consisting of 512 depth-scans (M-scan), was carried out. At the same time, the inserted earphone was driven with a voltage chirp, which was generated periodically. The frequency range was fixed between 500 Hz and 5 kHz at a sound pressure level that can be varied in the range of 80 dB SPL to 110 dB SPL. The total measuring time for one scan is 6.4 seconds. The data evaluation was analog to a previously published measurement protocol [7] .
Results and discussion
VIS imaging allows the standard visual inspection of the TM and provides information of orientation in the outer ear canal, so it reduces the risk of injury during OCT image acquisition. Figure 2a) shows a camera picture of a normal human TM ex vivo. Typical regions like the umbo (yellow star), which is the deepest point of the TM, manubrium of malleus (yellow triangle) or pars flaccida (yellow circle) are identifiable. A reconstructed en face image is depicted in Figure 2b ). Umbo, manubrium of malleus and pars flaccida can be seen here as well. Since the depth position of the TM is outside the imaging range, there is an image part, which is shown mirrored (all above the yellow line). Cross-sections near the region of the umbo are illustrated in Figure 2c ) and d). The cone shape of the TM is clearly visible in both. The thickness is 120 µm (white arrow). This proportion varied between the different spatial areas of the TM and corresponds to the findings of Decraemer et al. [11] . Functional imaging was carried out with a frequency chirp of 500 Hz to 5 kHz and a sound level of 90 dB SPL. Resulting amplitude (left column) and phase maps (right column) of different frequencies are shown in Figure 3 . At 500 Hz to 750 Hz the TM vibrated in phase. This range is slightly smaller than the measurements of Burkhardt et al. [7] . One possible cause can be the age of the sample. At a frequency of 1000 Hz, we observed a travelling wave to the pars flaccida. The red area of the phase map is a pure presentation problem. The phase is a 2 periodic signal, which means + is equal to − + . This equivalence cannot be represented by the chosen color map. But it is visible in the oscillation video, since the whole TM vibrates in phase. At a frequency of 2375 Hz, the oscillation pattern is more complex. In addition, the point of maximum amplitude is shifted interior. At 3500 Hz, stationary vibration patterns as well as travelling waves are observed. The two data points (inferior) of high amplitude are erroneous (marked by black circle). A possible cause for this is a lack assignment of the data points. For a frequency of 4500 Hz, the phase shows a phase jump in the center of the map. This shift is also a presentation problemen, which is discribed for a frequency of 1000 Hz. 
Conclusion
We have presented a GRIN-lens-based endoscope design for functional and morphologic imaging. The small diameter (3.5 mm) and the additional visual imaging enable a safe insertion and navigation inside the auditory canal. This makes it possible to examine the auditory canal and the TM at the same time. In addition, we determine the oscillation behavior of the TM under sound stimulation with frequency chirps from 500 Hz to 5 kHz by Doppler OCT. Each frequency reveals a different specific vibration pattern. At low frequencies, the oscillation is predominantly in phase, towards higher frequencies the vibration pattern is becoming increasingly complex. It is expected to detect abnormal oscillations, which may be an indication of a disease or the functionality of a transplant. 
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